Cultured neurons were removed from their coculture mRNA from localizing to growth cones in response to NT-3 ( Figure 1E ). with astrocytes in a supplemented media and starved in minimal essential medium (MEM) for three hours to
To quantitate these observations, we used two methods described previously (Zhang et al., 1999a ). In the delocalize the endogenous ␤-actin mRNA (Zhang et al., 1999a) . Starved neurons were then treated with antifirst method, starved neurons were visually scored as "localized" or "nonlocalized" for ␤-actin mRNA. The sense ( Figures 1B and 1C) or reverse antisense oligonucleotides, as a control ( Figures 1D and 1E ). Addition number of neurons localized was increased by 35% following NT-3 stimulation in the presence of the control of antisense inhibited the signaling of ␤-actin mRNA localization in response to NT-3 treatment ( Figure 1C) . oligonucleotides ( Figure 1F ). In contrast, there was not a significant change when the antisense oligonucleotides In contrast, control oligonucleotides did not block ␤-actin were present during the NT-3 stimulation ( Figure 1F ). quence analysis of the amplified PCR fragment (0.5 kb) showed that it was identical to the ZBP1 sequence from These data indicate an important role for the zipcode in the stimulation of ␤-actin mRNA localization by NT-3. chick fibroblasts. Western blot analysis of chick forebrain cultures revealed the presence of a single band The same observation was obtained when performing a statistical analysis of the average fluorescence intenat the expected 66 kDa ( Figure 2C ) (Ross et al., 1997) . Hence, the results of the RT-PCR, sequence analysis, sity of the hybridization signal to ␤-actin mRNA within individual growth cones ( Figure 1G ). There was a 23%
and Western blot experiments indicated that ZBP1 was expressed in cultured chick forebrain neurons. increase (p Ͻ 0.01) in the fluorescence intensity in stimulated neurons compared to starved neurons in the presTo determine whether ZBP1 was required for the formation of the RNP complex with the ␤-actin zipcode, ence of the control oligonucleotides. There was no significant difference between the fluorescence intensities the complex was crosslinked by UV irradiation and electrophoresed. This method permitted analysis of the apfor probes hybridized to ␤-actin mRNA in starved neurons compared with neurons that were stimulated with proximate molecular weight of the RNA binding protein that had been UV-crosslinked. A single band was ob-NT-3 in the presence of the antisense oligonucleotides.
Northern blot analysis provided further support that served that migrated at the expected mobility ( Figure  2D ). To verify that this band corresponded to ZBP1, antisense oligonucleotides to the ␤-actin zipcode had a direct effect on mRNA localization, and did not result extracts were immunodepleted with anti-ZBP1 antibody or with preimmune serum. The supernatant was then in degradation or cleavage of ␤-actin mRNAs ( Figure  1H ). When neurons were starved in MEM, a reduction incubated with the zipcode probe as above. Immunodepletion with the specific antibody, but not with preimin total cell ␤-actin mRNA levels was observed. Stimulation of starved cells with NT-3 for 90 min resulted in an mune serum, resulted in a substantial decrease in the amount of protein that was crosslinked to the zipcode increase in ␤-actin mRNA levels ( Figure 1H ) irrespective of the presence or absence of antisense oligonucleo-( Figure 2E ). These results indicate that ZBP1, expressed in forebrain cultures, forms an RNP complex with the tides. These observations indicated that despite the increase in ␤-actin mRNA levels following NT-3, the neu-␤-actin zipcode. rons were unable to localize these new ␤-actin mRNA transcripts in the presence of the antisense oligonucleo-ZBP1 and ␤-Actin mRNA Colocalize in Granules tides.
that Appear Coincident with Microtubules To determine the spatial location of this RNP complex, Antisense Oligonucleotides to the ␤-Actin Zipcode ZBP1 and ␤-actin mRNA were visualized using double Inhibit the Formation of an RNA-Protein label in situ hybridization and immunofluorescence. We Complex In Vitro observed abundant distribution of ZBP1 and ␤-actin We postulated that antisense oligonucleotides dismRNA within the cell body, processes, and growth rupted ␤-actin mRNA localization by inhibiting the forcones, and localized in the form of spatially distinct mation of a complex between the ␤-actin zipcode and particles or granules ( Figure 3A ). Higher magnification a trans-acting factor that was necessary for the active revealed significant colocalization of the ZBP1 with transport of ␤-actin mRNA. The 54 nt ␤-actin zipcode ␤-actin mRNA ( Figure 3A , a, b, and c). was used to characterize a RNA-protein complex in vitro Similar granules were observed when neurons were and study the effects of antisense oligonucleotide on transfected with a ZBP1 fusion protein with enhanced complex formation. The zipcode formed a stable comgreen fluorescent protein (EGFP). EGFP-ZBP1 was plex on nondenaturing gels that was not observed with abundant within the cell body, as was also observed a mutated sequence (Figure 2 , left two lanes) (Ross et for ␤-actin mRNA ( Figure 3B ). EGFP-ZBP1 and ␤-actin al., 1997). The formation of this zipcode-protein complex mRNA granules clustered together within the central could be inhibited by competition with excess unlabeled domain of the growth cone ( Figure 3B , lower arrows), zipcode (data not shown) or with increasing concentrawhereas neither EGFP-ZBP1 nor ␤-actin mRNA was aptions of antisense oligonucleotides (Figure 2A , middle preciable within the peripheral margin of the growth lanes). A control oligonucleotide did not inhibit formation cone. Colocalization was also observed within the neuof the complex (Figure 2A , right three lanes). Therefore, rite ( Figure 3B , upper white arrow). EGFP-ZBP1 could the antisense inhibition of complex formation in vitro be observed within the neurite at sites devoid of ␤-actin suggested that this interaction was required in vivo for mRNA ( Figure 3B , white arrowhead). It is possible that ␤-actin mRNA localization. the overexpression of EGFP-ZBP1 could promote formation of granules lacking in ␤-actin mRNA. Granules of ␤-actin mRNA were also observed at sites lacking ZBP1 Is Expressed in Forebrain Neurons and Forms a Complex with the ␤-Actin Zipcode EGFP-ZBP1 ( Figure 3B , black arrow), although these granules may colocalize with the endogenous ZBP1. The The RNA binding protein, Zipcode Binding Protein-1 (ZBP1), was isolated and cloned from chick embryo fi-EGFP vector lacking the ZBP1 insert, used as control, showed diffuse fluorescence within processes but did broblast cultures using affinity purification with the ␤-actin zipcode (Ross et al., 1997). We sought to determine whether not reveal granules (not shown). Previous work has shown that ␤-actin mRNA granules ZBP1 was expressed in cultured forebrain neurons, and formed the RNA-protein complex with the ␤-actin zipcolocalized along microtubules within growth cones (Bassell et al., 1998) . We investigated whether ZBP1 code. The expression of ZBP1 was demonstrated using RT-PCR and sequence analysis of poly (A) mRNA isogranules also displayed a similar association. ZBP1 and tubulin colabeling often revealed ZBP1 granules that lated from chick forebrain cultures ( Figure 2B ). Se- 
4F: RI/G3, RII/G1). One granule (RII/G2) possessed both Neurotrophin Regulation of ZBP1 Localization and Movement Is Inhibited by Antisense persistent and oscillatory bidirectional movements (Figures 4C and 4F). This granule moved both anterograde
The binding of ZBP1 to the ␤-actin zipcode may be necessary for the formation of an RNP complex that is and retrograde and had brief irregular periods when it oscillated.
actively transported into neuronal processes. Therefore, we hypothesized that antisense to the ␤-actin zipcode The mean instantaneous velocities ranged from 0.37 m/s to 1.2 m/s, and the average velocities ranged (which disrupts RNP complex formation) may prevent the localization of ZBP1 into processes. Accordingly, from 0.31 to 1.2 m/s per granule. Other neurons imaged showed a comparable range of velocities (data not cultured neurons were subjected to starvation and subsequent stimulation in the presence of control or antishown). There were no statistically significant differences between anterograde and retrograde rates. The sense oligonucleotides (see Figure 1 ). ZBP1 granules were delocalized by starvation and relocalized following anterograde distances ranged between 1.36 and 6.76 m, and the retrograde distances were between 1.10 NT-3 exposure. Antisense oligonucleotides inhibited the localization of ZBP1 granules to processes and growth and 5.58 m. These data demonstrate that ZBP1 granules exhibit dynamic anterograde and retrograde movecones in response to NT-3 stimulation of starved cells ( Figures 5A and 5B). ZBP1 was largely confined to the ments consistent with bidirectional fast transport. 8C-8F ). These data indicate that growth cones ties within growth cones following NT-3 treatment (Figure 7B) . We have also obtained similar findings using with reduced ␤-actin mRNA and protein levels exhibited impaired motility and dynamics in response to NT-3 epitope-tagged ␤-actin constructs where deletion of the ␤-actin zipcode from the 3ЈUTR reduced ␤-actin protein stimulation. localization within growth cones (data not shown). nin coated coverslips in the presence of 10% FBS for 2 hr, transWe have previously described a starvation and stimulation assay ferred to N2 media, and cultured for 4 days as described above. to study the rapid signaling of ␤-actin mRNA localization to growth Coverslips were transferred to a sealed environmental chamber (Bicones by NT-3 (Zhang et al., 1999a) . This method involved removing optechs Focht Chamber) in Leibovitz L-15 medium (Gibco BRL) with the neurons from their coculture with astrocytes in a conditioned N2 supplements in order to maintain CO 2 . Imaging of live neurons medium with N 2 supplements, and starving them in MEM for 4 hr, and then treated with NT-3 (25 ng/ml) (Austral Biologicals). Phosphowas performed using a TILL Photonics Imaging System with a Polyrothioate-modified oligonucleotides were added to the MEM mechrome II monochromator and high resolution Imago CCD camera. dium (12.5 M each) for the last 2 hr of the starvation period. A Cells were imaged at an exposure rate of 0.324 s for each frame. mixture of four antisense oligonucleotides were used which were A 200-frame stack was acquired (resolution of 111.7 nm/pixel) complementary to both the 54 nt and 43 nt zipcodes ( Figure 1A) and was inverted and scaled with NIH Image (Scion Image). A macro . As a control, each of these sequences was was written which outputs the x and y coordinates of the granule synthesized in the reversed 5Ј-3Ј orientation. Neurons were then centroid and the frame number into a tab-delimited text file which stimulated with NT-3, in the presence of antisense or control oligowas used in Microsoft Excel to calculate granule velocities between nucleotides, for 10 to 90 min and then fixed.
Discussion

B) Individual growth cone displacements from (A) over time for antisense-treated cells (violet) and control cells (magenta). (C-F) Overlap illustrating the growth cone retraction from antisense-treated (C and D) or extension from control oligonucleotide-treated (E and F) cells (green ϭ initial point, red ϭ final point). The key in the upper right of each panel identifies each cell in (B). The initial and final time points for each frame are indicated by the triangles in (B). See also Quicktime movie as supplemental data on the
frames. Fluorescence recovery after photobleaching (FRAP) analysis of EGFP-ZBP1 was done on cultured forebrain neurons subjected to In Situ Hybridization with Digoxigenin-Labeled Probes the starvation/stimulation paradigm using NT-3. Images were capSix amino-modified oligonucleotides (50 nt) complementary to tured (488 nm excitation) using a laser scanning confocal micro-3ЈUTR sequences of chick ␤-actin mRNA were synthesized on a DNA scope (BioRad Radiance 2000). Transfected cells were randomly synthesizer and chemically labeled using digoxigenin succinamide selected and subregions of the neurite, usually the proximal segester (Roche Molecular Biochemicals) as described previously. In situ hybridization for ␤-actin mRNA was completed as previously ment, were bleached with full intensity laser until the EGFP signal described (Bassell et al., 1998) . The digoxigenin-labeled oligonuclewas almost fully eliminated ‫03ف(‬ s). Recovery was imaged at low otide probes were detected by immunofluorescence using Cy3-laser power, and cells were examined for 5 min, imaging every 10 conjugated monoclonal antibody to digoxigenin and Cy3-conjus. Percent recovery was determined by subtracting arbitrary average gated anti-mouse antibody (Jackson Immunoresearch) as described background values outside the cell from average values from the previously (Zhang et al., 1999a ). Coverslips were mounted with gelwhole neurite or selected subregions from within the neurite at any vatol with n-propyl gallate (6 mg/ml) as an anti-bleaching agent.
given time point, then dividing this by the difference in fluorescence intensity of the selected region before bleaching and the average background values (I spot ϪI bkgd (post-bleach)/I spot ϪI bkgd (pre-bleach).
Immunofluorescence
Each of the traces was calculated from an average percent recovery For detection of endogenous proteins, we used monoclonal antiof n ϭ 8 cells at each time point, starting at 30 s post bleach. Halfbodies to ␤-actin and tubulin (Sigma), rabbit anti-VgRBP antibody maximal time points for each treatment were calculated by using (provided by Nancy Standart) (Zhang et al., 1999c) , rabbit anti-HCC the regression equations derived from the best-fit curve of the recovantibody (provided by Eng Tan) (Zhang et al., 1999b) , and rabbit ery time points and calculating for 50% recovery (y ϭ 0.5). A similar anti-ZBP1 antibody. All secondary antibodies were affinity-purified approach has been used to measure translocation kinetics of CaMKII donkey antibodies to mouse or rabbit IgG conjugated to a fluorochrome (Jackson Immunoresearch). Antibody incubations were for subunits in dendrites (Shen and Meyer, 1999).
Live Cell Imaging of Growth Cone Motility Following for 8 min, digested with RNase T1 (1U, 10 min), and incubated with heparin (5 mg/ml, 10 min). 32 P-labeled RNA-protein complexes were Antisense Treatment Coverslips were transferred to a closed chamber (Bioptechs Focht first resolved in a nondenaturing 4% polyacrylamide native gel and visualized by autoradiography. Radiolabeled bands were excised, Chamber) following the starvation/stimulation paradigm in the presence of either antisense or control oligonucleotide and NT-3 stimulaincubated in SDS sample buffer (2 hr, at 37ЊC), analyzed by 10% SDS-PAGE, and labeled proteins were detected by autoradiogtion for 1 hr as described above. Time lapse microscopy was performed using a cooled CCD camera (Quantix, Photometrics) and IP raphy. For the immunodepletion assay, antibodies (10 l) against ZBP1 Lab software. Each growth cone was randomly selected and imaged for 15 min following NT-3 application. Four frames were acquired (VgRBP) (Zhang et al., 1999c) were incubated (2 hr at 4ЊC) with neuronal culture extracts (20 l) with gentle agitation. Protein A-agaeach minute for a total of 60 frames. Growth cone displacement was defined as the distance traversed by the distal edge of the rose (Roche Molecular Biochemicals) suspension was added to a mixture of neuronal extracts and antibody complexes and incubated growth cone palm in each frame of the time lapse sequence and analyzed automatically using a script written within IPLab software overnight (4ЊC). Complexes were centrifuged (12,000 ϫ g, 20 s) and the supernatant was incubated with radiolabeled RNA (20 min at that measured optical density and morphometric characteristics of the growth cone. The signal from filopodia was eliminated by room temperature) and UV crosslinked as above. differential thresholding as they contributed excessive fluctuations in the analysis. Displacement was measured along a straight line Western Blot extended from a line best fit to the cylindrical axis of the 10 to 15
Neuronal culture extracts (10 l) were resolved by 12% SDS-PAGE, m portion of the neurite closest to the growth cone in the first and fractionated proteins were transferred to Hybond ECL nitrocelframe of the time lapse sequence. lulose membrane (Amersham) at 4ЊC overnight. ZBP1 was detected with rabbit antibody to VgRBP (Zhang et al., 1999c) at 1:1000 in Transfection of EGFP-␤-Actin Fusion Constructs PBS with 1% BSA. The membrane was washed and incubated with Full-length chick ␤-actin cDNA or a 3ЈUTR deletion construct (Kisperoxidase-conjugated goat anti-rabbit IgG (Jackson Immunorelauskis et al., 1994) were subcloned into the C terminus of EGFP in search) and the signal developed using ECL detection reagents the pEGFP-C1 vector (Clonetech) and were transfected into freshly (Amersham). dissociated forebrain neurons using DOTAP as described above. Cells were plated onto poly-L-lysine and laminin coated coverslips Northern Blot in the presence of 10% FBS for 2 hr, transferred to N2 media, Total cellular RNA was isolated from chick forebrain cultures using cultured for 4 days, and then subjected to the starvation/stimulation Tri Reagent (Molecular Research Center) and dissolved in DEPCparadigm as described. The fluorescence intensity for EGFP-␤-actin treated distilled water. RNA (8 g) was electrophoresed in 0.8% was analyzed in traced growth cones using the method described for formaldehyde-denatured agarose gel and transferred to Zeta-probe immunofluorescence with the ␤-actin antibody (discussed above).
blotting membrane (Bio-Rad). The cDNA fragments (372 bp) complementary to the ␤-actin mRNA reading frame sequence were labeled RT-PCR Amplification of ZBP1 mRNA with 32 P-dCTP (Amersham) using Random Primers DNA Labeling Total RNA from chick neuronal cultures was isolated using Tri ReSystem (Gibco-BRL) and purified with Quick Spin columns (Boehagent (Molecular Research) and reverse transcribed using oliringer Mannheim). The RNA binding membrane was hybridized in go(dT) 12-18 with M-MLV reverse transcriptase (Gibco BRL). PCR was 5ϫSSPE supplemented with 1ϫ Denhardt's, 0.2% SDS, 10% dexperformed for 35 cycles with sense and antisense primers designed tran sulfate, 100 g/ml salmon testes DNA, and 50% formamide from the chick ZBP1 sequence (Ross et al., 1997). with 32 P-labeled cDNA probes at 45ЊC overnight. After washes, the membrane was exposed to X-ray film (Kodak). Bands on the expoElectrophoretic Mobility Shift Assay (EMSA) sure film were scanned using a densitometer (Molecular Dynamics) Cultured neurons were washed twice in (1ϫ PBS, on ice) and and the optical densities were analyzed quantitatively using Imscraped in cold buffer A (0.5 mM PMSF, 0.5 g/ml leupeptin, 1 g/ ageQuant software. ml aprotinine, 1ϫ PBS). Cells were centrifuged for 5 min at 1,500 ϫ g and resuspended in lysis buffer (50 mM Tris/HCl [pH 8.0], 100 mM
